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Edited by Ulf-Ingo Flu¨ggeAbstract In plants exposed to high irradiances of visible light,
the D1 protein in the reaction center of photosystem II is oxida-
tively damaged and rapidly degraded. Earlier work in our labo-
ratory showed that the serine protease Deg2 performs the
primary cleavage of photodamaged D1 protein in vitro. Here,
we demonstrate that the rate of D1 protein degradation under
light stress conditions in Arabidopsis mutants lacking the Deg2
protease is similar to those in wild-type plants. Therefore, we
propose that several redundant D1 protein degradation pathways
might exist in vivo.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Plants earn their life by photosynthesis, a process that con-
verts captured light energy into chemical energy. One of the
central reactions of photosynthesis is performed by the
multi-subunit complex photosystem II (PSII), which reduces
plastoquinone to plastoquinol and oxidizes water. The two
polypeptides D1 and D2 in the core of PSII bind the cofactors
necessary for these reactions [1]. However, the generation of a
strong oxidant that is capable of oxidizing water inevitably
leads to dangerous side reactions and subsequent oxidative
damage to proteins and pigments [2]. In a phenomenon termed
photoinhibition, photooxidative damages become apparent as
a decrease in photosynthetic eﬃciency during exposure to high
light intensities or adverse environmental conditions when the
protection and repair mechanisms can no longer cope with the
amount of damage [3,4]. The main target of photooxidative
damage is the D1 protein in the reaction center of PS II, which
is eﬃciently replaced by a newly synthesized copy when dam-
aged [3,5,6]. The degradation of the damaged D1 protein is
thought to be one of the key steps of this mechanism and con-
siderable eﬀorts are directed towards the identiﬁcation of theAbbreviations: CAP, chloramphenicol; Chl, chlorophyll; HL, high
light; LL, low light; SDS–PAGE, sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis; PSII, photosystem II; WT, wild-type
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doi:10.1016/j.febslet.2006.11.058protease(s) involved in this process [3,5]. Several in vitro stud-
ies with isolated thylakoid membranes and recombinant prote-
ases elucidated a two-step degradation mechanism of D1
protein. In a ﬁrst step, the photodamaged D1 protein is specif-
ically cleaved in the stroma-exposed DE-loop by the serine
endopeptidase Deg2, generating a 23 kDa and a 10 kDa frag-
ment in an ATP-independent manner [7–10]. This ﬁrst step is
followed by an ATP-dependent degradation of the fragments
by the metalloprotease FtsH1 [5,10–12]. However, there is a
controversial ongoing discussion whether this model of D1
degradation derived from in vitro studies is the only degrada-
tion pathway in vivo. Based on the observation that the D1
protein is stabilized in the FtsH mutants in Arabidopsis thali-
ana [13,14] and Synechocystis sp. PCC 6803 [15,16], an alterna-
tive model has been proposed according to which the FtsH
protease alone is responsible for the removal of the D1 protein
in vivo [16,17]. Furthermore, a recent study employing a triple
mutant of Synechocystis showed that the three Deg protease
homologues are not essential for D1 protein degradation in
this organism [18]. However, all three Synechocystis Deg pro-
teases are only distantly related to Deg2 and have been either
found in the periplasm or are predicted to target to this com-
partment [8]. In contrast, Deg2 is found on the stromal side of
the thylakoid membranes and therefore cannot perform the
same function as the cyanobacterial homologues [8,9].
In order to address the question of the necessity of Deg2-
mediated primary proteolysis of the D1 protein prior to the
degradation of the generated fragments, we analyzed the D1
turnover in A. thaliana mutants lacking the Deg2 protease.
Our data showed that the D1 turnover in these mutants pro-
ceeds at a similar rate as in the wild-type (WT), indicating that
the loss of Deg2 might be compensated for by other proteases.
We propose that quality control of PSII is achieved by several
partially redundant proteases, possibly depending on the dam-
age mechanism.2. Materials and methods
2.1. Plant material
A. thaliana ecotype Columbia T-DNA insertion line mutants
Salk_115784 (designated deg2-1) and Salk_128442 (designated
deg2-2) of the Salk Institute collection [19] were obtained from the
Nottingham Arabidopsis Stock Centre. Homozygous deg2 mutant
plants were identiﬁed by PCR analysis using gene and T-DNA spe-
ciﬁc primers: for deg2-1, 5 0- CTGTGCAGGATAAATGAGAGG-3 0
and 5 0-CTTCGTCCATCTCCTCACCGTG-3 0, for deg2-2, 5 0-
GCGCATCATGCCTTGTAAGC-30 and 5 0-TCCATCAAAGCCGA-
TTTCCAG-3 0, and for the T-DNA 5 0-TGGTTCACGTAGTGGGC-
CATCG-3 0. The position of the T-DNA was conﬁrmed byblished by Elsevier B.V. All rights reserved.
Fig. 1. Analysis of deg2 mutants. (A) Scheme of the DEG2 gene.
Exons are shown as black boxes, introns as lines. The position of the
start and stop codons and the position and direction of the T-DNA
insertions, as determined by PCR and sequencing, are indicated. (B)
Immunoblot of total protein extracts from deg2 mutants and WT. The
immunoblot with the anti-Deg2 antibody shows that Deg2 is absent in
the mutants. An immunoblot with the anti-RbcL antibody is shown as
a loading control and relative amounts of total protein loaded in each
lane are indicated. (C) Photograph showing 5-week-old WT and deg2-1
and deg2-2 mutant plants.
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mutants and WT were grown on soil in a growth chamber at a photon
ﬂux density of 150 lmol photons m2 s1 under short day conditions
(8 h light, 21 C/16 h dark, 19 C).
2.2. Stress treatments and inhibitor studies
Light stress treatment was performed on mature leaves, detached
from 5- to 6-week-old plants, ﬂoated on water and exposed to a high
light irradiance of 1500 lmol photons m2 s1 using a ﬂuorescent light
source (Powerstar HQI-E bulb, 400 W/D; Osram). The temperature of
the water was kept constant between 22 and 25 C. Photon ﬂuence
rates were measured with a photometer (Skye, Techtum Laboratory
AB). Synthesis of chloroplast-encoded proteins was blocked by incu-
bating detached leaves on water containing 40 lg ml1 chlorampheni-
col (CAP, Roth) dissolved in ethanol (0.5% ﬁnal concentration) and
0.5% ethanol without CAP as a control at 22–25 C and a low light
(LL) intensity (20 lmol photons m2 s1) for 2 h prior to the high light
(HL) treatment. Plant material was frozen in liquid nitrogen and
stored at 80 C for further preparations.
2.3. Radioactive measurement of the D1 turnover
The pulse–chase experiment was essentially performed as described
[20]. Leaf discs (B 9 mm) of 4-week-old A. thaliana were pre-incubated
for 1 h on 10 ml PT buﬀer (10 mM KH2PO4 pH 6.4, 0.1% Tween 20)
containing 0.2 mCi 35S methionine (Amersham Biosciences) before
transfer to HL (1300 lmol photons m2 s1) for 75 min (pulse). Then
leaf discs were washed with PT buﬀer and further exposed to HL on
PT buﬀer containing 10 mM unlabeled methionine (chase). Four leaf
discs were collected for each data point indicated in the ﬁgure, and to-
tal proteins were directly isolated and stored in sample buﬀer prior to
their separation by SDS–PAGE as described below. Radioactive sig-
nals were detected by exposure of the gels to X-ray ﬁlm (GE Health-
care).
2.4. Protein isolation and analysis
Total protein extracts were prepared as described [21] and separated
by SDS–PAGE [22] using mini gels (Hoefer). The gels were loaded on
an equal protein basis (usually 10 lg) as determined using the RC-DC
kit (BioRad). Immunoblotting was carried out as described [23] using
polyclonal antisera: anti-D1 (Agrisera AB), anti-Deg2 [9], anti-RbcL
(the large subunit of the ribulose-1,5-bisphosphate carboxylase; Agri-
sera AB), anti-CF1a (the a-subunit of the CF1 ATP-synthase complex;
kind gift of R. Oelmu¨ller, Jena, Germany) antibodies as indicated in
the ﬁgures.
2.5. Fluorescence measurements
Chlorophyll (Chl) ﬂuorescence induction kinetics were measured at
room temperature on detached leaves using an Imaging/PAM ﬂuorim-
eter (Walz GmbH). Leaves were dark-adapted for 10 min and then ex-
posed to a saturating 1-s light ﬂash. The minimal ﬂuorescence in the
absence of actinic light (Fo) and maximal ﬂuorescence after a saturat-
ing light ﬂash (Fm) were measured and the variable ﬂuorescence
(Fv = Fm  Fo) was calculated [24]. The maximal quantum eﬃciency
of open PSII reaction centers was calculated as Fv/Fm. Experiments
were performed on single leaves, and repeated with at least three sets
of independently grown plants.3. Results
We obtained and analyzed A. thaliana T-DNA insertion
lines from the Salk collection [19] which were annotated to
contain insertions within the DEG2 gene. Ampliﬁcation and
sequencing of the PCR products showed that the deg2-1 mu-
tant contained a T-DNA-insertion in the 5th exon and the
deg2-2 mutant contained an inverted tandem T-DNA repeat
insertion in the 19th exon (Fig. 1A). Northern (not shown)
and Western (Fig. 1B) blot analysis revealed no accumulation
of Deg2 mRNA and protein in both insertion lines. Both deg2
mutant lines exhibited no visible phenotype under standardgrowth conditions as compared to WT throughout the whole
plant life cycle (Fig. 1C).
Earlier in vitro studies showed that the Deg2 protease is able
to cleave photooxidatively damaged D1 protein from the PSII
reaction center [9]. To test whether Deg2 eﬀects plant perfor-
mance under HL conditions in vivo, we exposed WT and
deg2 mutant plants to HL and measured Chl ﬂuorescence
parameters, indicative for the inactivation of the PSII reaction
centers. A similar decrease in the Fv/Fm value to approximately
70% and 60% of the initial value after 0.5 h and 1 h of HL
treatment, respectively, in WT and both deg2 mutant lines
indicated that PSII photoinactivation proceeded at a similar
rate in all three sets of plants (Fig. 2A). We compared the abil-
ity of WT and deg2 mutants to recover from HL stress after
the transfer of mature stressed leaves to LL conditions. The
maximal eﬃciency of PSII decreased in WT and deg2 mutant
lines to 50% of the initial value during 1 h of the HL treatment
and recovered to 90% of the initial value after 1 h at LL
(Fig. 2B).
We further analyzed the steady-state level of D1 protein in
WT and deg2 mutant leaves exposed to LL or HL conditions
in the presence or the absence of CAP, an inhibitor of protein
translation in the chloroplast (Fig. 3). Immunoblot analysis re-
vealed that the amount of D1 protein was reduced to 60% of
the initial value in leaves from WT and deg2 mutant lines after
their exposure to HL in the absence of CAP (Fig. 3). The
amount of D1 protein in CAP-treated leaves exposed to LL
did not change signiﬁcantly as compared to leaves incubated
at LL in the absence of this inhibitor. At HL, however, only
Fig. 2. Maximum photochemical eﬃciency of PSII in WT (j), deg2-1 (d), deg2-2 (m) exposed to HL. (A) Fv/Fm of leaves exposed to HL (1500 lmol
photons m2 s1). Values are means ± S.D. (n = 5). (B) Fv/Fm of leaves exposed to HL for 1 h, followed by recovery at LL (20 lmol
photons m2 s1). Values are means ± S.D. (n = 8, except for the 90 min data point, where n = 3).
Fig. 3. Photoinactivation of PSII and photodamage and degradation
of D1 protein in leaves exposed to LL (20 lmol photons m2 s1) or
HL (1500 lmol photons m2s1) in the presence (+) and in the absence
() of CAP. Total leaf membrane proteins were analyzed by
immunoblotting with the anti-D1 protein antibody. An immunoblot
with the anti-CF1a antibody is shown as a control.
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mutant lines as a consequence of the block of chloroplast pro-
tein synthesis (Fig. 3). Measurement of the Chl ﬂuorescence
demonstrated the eﬃcacy of the CAP treatment (data not
shown).
In order to assay the rate of the D1 protein degradation in
WT and deg2 mutants exposed to HL we performed radioac-
tive pulse–chase experiments. The autoradiogram showed
(Fig. 4A) that the degradation of radioactively labeled D1 pro-
tein occurred with comparable rates in WT and deg2 mutants.Fig. 4. The D1 protein turnover assayed by pulse–chase. Leaf discs of WT
followed by a 5 h chase period in HL (1300 lmol photons m2 s1) in the pres
PAGE and gels were exposed to X-ray ﬁlm. (A) Autoradiogram and (B) CoAs a reference, the pattern of total proteins stained with Coo-
massie blue, is shown (Fig. 4B).4. Discussion
We showed that degradation and replacement of the photo-
damaged D1 protein proceeded at a similar rate in WT and
deg2 knock-out A. thaliana mutants exposed to high irradi-
ances of visible light. Consequently, the primary cleavage of
photodamaged D1 protein within DE-loop by Deg2 protease,
as demonstrated in vitro [9], is not a prerequisite for its degra-
dation in vivo. One possible explanation for the observed dif-
ferences might result from the diﬀerent abundance of protease
in the thylakoid membranes, which is much higher in the
in vitro experiments than in the in vivo situation. Other possi-
ble explanations are unfavorable and/or unphysiological reac-
tion conditions in vitro or diﬀerent nature of the damage
suﬀered by D1 protein. When isolated thylakoid membranes
or PSII preparations able to evolve oxygen are exposed to high
irradiances of visible light, the D1 protein is thought to suﬀer
damage through singlet oxygen which is generated by the
acceptor site mechanism of photoinhibition [3]. According to
this hypothesis, high irradiances cause an overreduction of
the plastoquinone pool, which in turn leads to an increased
probability of charge recombination. A prolonged lifetime of, deg2-1 and deg2-2 mutants were pulse-labeled with 35S methionine
ence of unlabeled methionine. Protein extracts were separated by SDS–
omassie blue staining of the corresponding gel.
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generation of singlet oxygen.
It has been assumed that singlet oxygen is also the predom-
inant source of damage to D1 protein in vivo [3]. However, a
recent study showed that the acceptor site mechanism alone
cannot account for the kinetics of the D1 protein damage
and the strict correlation between the photon ﬂux and photoin-
hibition in A. thaliana [25]. Instead, it has been proposed that
the Mn-cluster of the oxygen-evolving complex might be dam-
aged by light, which leads to an arrest of the electron ﬂow on
the donor site of PSII and a subsequent damage to D1 protein
by the P680+ radical [26]. The molecular nature of the damage
inﬂicted to D1 protein by singlet oxygen or through the P680+
radical remains unresolved, but such a damage might diﬀer-
ently alter the conformation of D1 protein depending on its
source and thus trigger the degradation by diﬀerent proteases
[5].
The eﬃcient removal of damaged proteins is essential for cell
viability, especially under stress conditions [27]. Therefore,
protein quality control is often maintained by robust systems
of several partially redundant proteases [27]. This might also
be the case in the D1 protein turnover. In the past years, sev-
eral diﬀerent degradation patterns have been reported and dif-
ferent pathways have been suggested for the removal of the
damaged D1 protein. These pathways include the aforemen-
tioned model of D1 protein cleavage on the stromal side of
thylakoid membranes [3–5], cleavage on the lumenal side by
an unknown protease [3,5] and a degradation by the FtsH pro-
tease complex [13,14,16,17]. Additionally, high irradiances and
unfavorable environmental conditions can lead to the genera-
tion of intramolecular crosslinks of D1 protein with neighbor-
ing protein subunits, which are then degraded by a hitherto
unknown protease [28]. Based on our earlier and current data,
we propose that several partially redundant mechanisms exist
for the quality control of the D1 protein in vivo depending
on the damage conditions.
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